Abscissic acid (ABA) determines mycorrhiza functionality and arbuscule development. In this study, we performed transcriptome analysis in response to different mycorrhization status according to the ABA content in the root to identify genes that may play a role in arbuscule functionality. Affymetrix Tomato GeneChip (approximately 10,000 probes) allowed us to detect and compare the transcriptional root profiling of tomato (Solanum lycopersicum) wild-type and ABA-deficient sitiens plants colonized by Glomus intraradices. A number of identified genes in tomato belong to a category of genes already described as "mycorrhizal core-set" in other host plants. The impairment in arbuscular mycorrhiza (AM) formation in ABA-deficient mutants was associated with upregulation of genes related to defense and cell wall modification, whereas functional mycorrhization in wild-type plants was associated with activation of genes related to isoprenoid metabolism. The oxylipin pathway was activated in tomato mycorrhizal roots at late stages of interaction, and was related to the control of fungal spread in roots, not with the establishment of the symbiosis. Induction of selected genes, representing a range of biological functions and representative of the three sets of genes specifically upregulated in the different plant phenotype, was confirmed by quantitative reverse-transcription polymerase chain reaction, and their response to phythohormone treatment was tested, showing that ethylene and jasmonic acid are key regulators of gene expression during AM development. Comparative analysis of mycorrhiza upregulated functional categories revealed significant changes in gene expression associated with the different mycorrhization status according to the ABA content in the roots.
Arbuscular mycorrhiza (AM) is a symbiotic association of plants and arbuscular mycorrhizal fungi and involves fungi from the Glomeromycota group and the majority of vascular flowering plants. The establishment of the AM mutualistic association is a successful strategy to improve the nutritional status of both partners (plant and fungus). The efficiency of the symbiosis is mainly due to the development of an extensive and branched fungal hyphal network outside the roots that efficiently uptakes mineral nutrients (principally phosphorous) which are transferred to plant cortical cells by specialized intraradical, highly branched structures named arbuscules. In return, the plant provides the fungus with carbohydrates.
The key to understanding the phenomenon of compatibility between fungus and plant in the AM association is the elucidation of the recognition mechanisms and molecules involved in the AM interaction. In this respect, there have been significant and relevant discoveries regarding the signaling associated with the development of AM symbiosis. Recently, progress has been made regarding the molecular mechanisms of communication between plants and fungi at the early stages of AM development, and a group of compounds (strigolactones) that exude from the plant root has been identified and characterized as inducers of hyphal branching of AM fungi (Akiyama et al. 2005) . Moreover, a symbiotic plant signal-transduction cascade is activated in plant roots after both rhizobia and AM fungi recognition by plant root (Parniske 2004 (Parniske , 2008 . Orthologs of the symbiotic genes cloned in legumes have been identified in a number of dicotyledons and monocotyledons, and the function of these genes appears to be conserved between rice and legumes (Godfroy et al. 2006; Chen et al. 2007 Chen et al. , 2008 Banba et al. 2008) . In addition, an alternative AM-specific but symbiotic independent pathway was identified in rice .
Despite the recent progress in signaling events, knowledge of processes required for AM formation is still limited. In the last few years, a number of transcriptome analyses have been performed to identify genes controlling intraradical AM formation. A variety of transcript profiling approaches in different plant species have illustrated the changes that occur in plant roots upon mycorrhizal colonization. In the case of rice, the results demonstrate the existence of a group of genes that are exclusively AM induced but also a group of genes that are similarly expressed in symbiotic and pathogenic fungal associations, suggesting a conserved mechanism of plant adaptation to fungal colonization (Güimil et al. 2005) . A mycorrhiza core set of genes has been identified in Medicago truncatula (Hohnjec et al. 2005; Liu et al. 2007) , and common transcriptional induction has been demonstrated in Lotus japonicus and M. truncatula (Guether et al. 2009 ), reflecting substantial evolutionary conservation responses to AM colonization. However, the existence of studies that failed to identify some common symbiotic gene markers (Deguchi et al. 2007) suggests some divergence in the symbiotic programs between plant species. Three transcriptome analyses have focused on the identification of genes expressed in cortical cells containing arbuscules (Fiorilli et al. 2009; Gomez et al. 2009; Guether et al. 2009 ). In all cases, the use of laser microdissection methodology coupled with transcript profiling analysis has enabled the identification and confirmation of transcript location in arbusculated cells for a set of genes from M. truncatula (Gomez et al. 2009 ), L. japonicus (Guether et al. 2009 ), and tomato (Fiorilli et al. 2009 ). Recently, Grunwald and associates (2009) compared transcriptome changes and overlapping expression pattern in M. truncatula roots under Pi fertilization, AM, or by phytohormone abscissic acid (ABA) and jasmonic acid (JA) treatment. These authors found that there is no considerable overlap between hormone treatment and colonization, and also showed not much overlap between Gigaspora and Glomus spp. colonization in terms of transcript changes (Grunwald et al. 2009 ).
The arbuscule is the symbiotic structure for nutrient transfer in AM and, in several studies, it has been shown that their development and functionality are related to phytohormone pathways, such as JA and ABA pathways (Isayenkov et al. 2005; Herrera-Medina et al. 2007) . Experiments using genetic approaches have shown that the plant hormone ABA plays a role in the establishment of a functional AM symbiosis. The analysis of the AM colonization in the tomato mutant sitiens, in which ABA levels are reduced to only 8% of those in wildtype tomato plants (Herde et al. 1999) , has shown that ABA is necessary for arbuscule functionality and for a sustained colonization of the plant root (Herrera-Medina et al. 2007) . Sitiens plants are less susceptible to AM fungi infection, and the parameters of mycorrhization are reduced by approximately 70% compared with wild-type plants (Herrera-Medina et al. 2007) . Furthermore, the majority of the arbuscules in these mutant plants are arbuscules with no fine branches that only partially occupy the plant cell, suggesting that incomplete arbuscule development could occur in these plants (HerreraMedina et al. 2007) .
In view of the importance of ABA in AM formation, and given the existence of an Affymetrix GeneChip for this plant species, we performed a microarray analysis comparing mycorrhizal tomato roots of wild-type and ABA-deficient mutant plants to obtain an overall view on genome-wide transcript modification in response to different mycorrhization status according to the ABA concentration in the root. Clear differences in gene functional categories between mycorrhizal wildtype and ABA-deficient mutants were obtained. Our microarray results allowed us to select a number of genes related to AM symbiosis functionality, some of them responsive to phytohormones.
RESULTS

Microarray analysis of gene expression according to the ABA content in the root.
The aim of this investigation was to analyze transcriptomic changes associated with AM formation and ABA content in tomato roots. Previous experiments revealed that sitiens ABAdeficient mutants failed to form AM fungi infection, and the parameters of mycorrhization in these mutants were reduced by approximately 70% compared with wild-type plants (Herrera-Medina et al. 2007 ). Here, we performed three independent experiments of mycorrhization of wild-type and sitiens plants (Supplementary Table S1 ). Each experiment constitutes a biological replica with four treatments (Rheinlands Ruhm and sitiens plants, inoculated and uninoculated with Glomus intraradices). RNA from a pool of three root samples was isolated per treatment and labeled to hybridize the Affymetrix Tomato GeneChip that contains 10,209 probe sets. In total, 12 experiments of chip hybridization were performed. We also performed a microarray comparison on nonmycorrhizal wildtype and sitiens roots to exclude indirect effects of the differing ABA levels in gene expression, because the extent of induction or repression of gene expression due to mycorrhizal colonization may depend on transcript levels of the respective gene in nonmycorrhizal roots.
Plants were harvested 50 days after inoculation because previous studies have shown clear differences in mycorrhization parameters at this time (Herrera-Medina et al. 2007 ). The measurement of mycorrhization parameters showed that wildtype plants in all experiments had a high percentage of colonization intensity and arbuscule abundance whereas sitiens plants appeared to be less susceptible, with a considerable decrease in both parameters (Supplementary Fig. S1 ). To check arbuscule functionality in sitiens roots, quantitative reverse-transcription polymerase chain reaction (qRT-PCR) experiments of LePT4 gene expression were carried out with cDNA from wild-type and sitiens plants ( Supplementary Fig. S2 ). In all experiments, the level of LePT4 gene expression was higher in wild-type roots inoculated with G. intraradices than in inoculated sitiens roots. As we expected, ABA levels in root of sitiens plants were reduced compared with those in wild-type tomato plants, and the ethylene production was enhanced in ABA-deficient tomato mutants.
Differentially expressed genes were identified by the following criteria: more than twofold change (inoculated/un-inoculated) in expression level applying a P value < 0.05. Using these criteria, the number of selected genes was 238 (Supplementary Table S2 ). Of these, 127 showed increased transcript levels in wild-type tomato G. intraradices-colonized roots, and 50 genes showed decreased transcript levels in the same roots. In sitiens roots, 98 genes were found to be differentially expressed, 83 up-and 15 downregulated in mycorrhizal plants compared with noninoculated plants. The two data sets (wildtype versus sitiens) showed an overlap. From the overlapping genes, 33 of them (13% of the total of selected genes) were found to be upregulated both in wild-type and sitiens mycorrhizal plants (common Myc upregulated genes) and only 4 genes (2% of the total selected genes) were downregulated in mycorrhizal roots independently of the plant phenotype (common Myc downregulated genes). The data distribution of the selected genes according to plant genotype showed that a set of genes was specifically and differentially up-(40%) or downregulated (19%) in wild-type and up-(22%) or downregulated (4%) in ABA-deficient mutant roots in response to AM formation ( Supplementary Fig. S3 ).
Annotation, putative identification, and molecular function assignment.
With the information from the Affymetrix Tomato GeneChip and from BLAST analysis in the Solanaceae Genomics Network (SGN) tomato expressed sequence tag database at the University of Cornell, we were able to identify or assign putative molecular function to the selected genes.
As in other mycorrhizal host plants, we identified in tomato putative orthologs of genes which have already been described as "mycorrhizal core-set" Guether et al. 2009 ). Similar to M. truncatula (Liu et al. 2003) and L. japonicus (Kistner et al. 2005 ), we found that protease genes of tomato are highly regulated in mycorrhizal roots. Among these genes from protein catabolism, two fall under the category of subtilisin-like proteases (Les.5764.1.S1_at and LesAffx.8850.1. S1_at); one was a serine-carboxypeptidase (Les.4810.1.S1_at) and the other was a putative miraculin protease (Les.3397.1. S1_at). Interestingly, all of these protease genes were mycorrhiza upregulated similarly in wild-type and sitiens plants, except a putative subtilisin protease that was found to be up-regulated only in mycorrhizal sitiens plants (Les.513.1.S1_at). Two putative protease-inhibitor genes were found upregulated in wild-type mycorrhizal roots (Les.3281.1.S1_at and Les. 4820. 1.S1_x_at) and two were found upregulated exclusively in mycorrhizal sitiens plants (LesAffx.69210.1.S1_at and Les.3940.2.A1_at). Other genes from the mycorrhiza core-set, such as genes which encode a glucoxyltransferase, an annexin, an aquaporin-like protein, a cytochrome P450, a gibberellin 20-oxidase, or an glutathione S-transferase, were mycorrhiza upregulated genes mainly associated with wild-type plants.
Based on the putative molecular function of the selected genes, we classified them into the following functional categories: metabolism (includes protein, lipid, carbohydrate, primary, and secondary metabolism), transport, signaling, phytohormone metabolism (phytohormone synthesis), defense and stress response, cell-wall relative, and "others" (including unclassified or unknown function proteins). The comparative analysis of functional categories of mycorrhiza upregulated genes is shown in Figure 1 . A similar picture between common and wild-type specific upregulated genes was found. The categories of metabolism, transport, and signaling and phytohormone metabolism were similarly represented in the common-and wild-type-specific mycorrhiza upregulated sets, though the majority of the common-and wild-type-specific mycorrhizaupregulated genes seem to be related to metabolic changes associated with mycorrhization in tomato roots. The second largest functional category of the common mycorrhiza-upregulated set of genes was the category related to defense and stress response that represented 15% of the total of common upregulated genes. In the group of genes upregulated only in mycorrhizal wild-type plants, the category of "others" was the second most abundant. The picture of genes specifically mycorrhiza upregulated in ABA-deficient mutants was completely different. In this case, the largest functional category was "defense and stress" and the representation of genes related to metabolism loses importance in favor of the categories of "cell wall related" and "others." Peculiarly, we observed identical distribution (identical categories and percentages) for mycorrhiza-downregulated genes in wild-type tomato roots as for mycorrhiza-upregulated genes in the same type of plants. In the same way as has been shown for the group of genes specifically upregulated in ABA-deficient mutants, in the group of genes specifically downregulated in ABA-deficient mutants a new category of cell-wall-related genes appeared and the metabolism-related genes were less representative (Fig. 1) .
qRT-PCR analysis of representative genes.
qRT-PCR analysis was carried out to verify the array hybridization data. The qRT-PCR reactions used RNA from inoculated and uninoculated plants from experiments I and II that were used as independent biological replicates from the microarray analysis. qRT-PCR assays were performed on 14 selected genes, representing a range of biological functions and representative of the three sets of genes upregulated in the different plant phenotypes. Of these, seven were found to be upregulated in both wild-type and sitiens mycorrhizal plants, three genes showed increased transcript levels only in wild-type plants, and four were exclusive for mycorrhizal sitiens roots (Table 1) .
Comparative analysis with tomato-G. mosseae mycorrhizal roots.
A previously published transcript profile has shown the transcriptional changes that are triggered in tomato roots and shoots as a consequence of G. mosseae colonization (Fiorilli et al. 2009 ). Using the TOM2 array probe annotation file from the tomato functional genomics database, we analyzed the overall extent of the overlapping of the 238 Affymetrix probes selected in our experiment on the TOM2 platform. The comparative analysis at the level of SGN unigene identifiers showed that only 47% of them were present in the TOM2 array. A limited overlap was found when comparing the sequences listed as differently regulated in tomato-G. mosseae roots (Fiorilli et al. 2009 ), obtained from the TOM2 platform, and our selected list of sequences. Compared with the data of Fiorilli and associates (2009) , only 15% of the sequences selected in our experiments had the same SGN unigene identifier in the data of Fiorilli and associates (2009) . The data distribution of the overlapping genes according to plant genotype showed that the maximum overlapping (22%) was found with the set of genes that exclusively and differentially upregulated in the wild-type tomato plant. The common mycorrhiza-upregulated genes selected in our study showed 18% of overlapping with genes upregulated in tomato roots colonized by G. mosseae, and only 8 and 5% of overlapping was found with the set of genes upregulated exclusively in the ABA-deficient mutant or downregulated in both kind of plants, respectively. Only six of 34 sequences that overlap have been considered previously as mycorrhiza core set sequences.
Genes involved in defense and cell wall modification are associated with mycorrhization in ABA-deficient mutant.
The comparative analysis of transcriptomic data obtained in mycorrhizal wild-type and ABA-deficient mutant plants revealed that the impairment in AM formation in ABA-deficient mutants was associated with upregulation of genes related to defense and cell wall modification. Among a total of genes that were found to be upregulated only in mycorrhizal sitiens plants, 30% belong to the category of disease resistance and stress responses. The upregulated genes belonging to the defense category include five putative peroxidases, two protease inhibitors, three pathogenesis-related proteins, one β-1,3 glucanase, and one endo-chitinase gene (Table 2) .
Although mycorrhization of M. truncatula and L. japonicus increased expression of genes involved in cell wall metabolism, such as endo-1,4 β-D-glucanase and cellulose synthase genes (Liu et al. 2003; Guether et al. 2009 ), tomato array analysis revealed that only in the ABA-deficient mutant plants was this functional category of genes differentially regulated. Eleven genes involved in cell wall metabolism were found to be upregulated in ABA-deficient mycorrhizal roots compared with the mycorrhizal wild-type: two endo-1,4 β-D-glucanase genes, three different pectinase genes, three expansin-related genes, and three putative extensin tomato genes (Table 2) . Representative genes for these categories (defense and cellwall modifications) were further tested by qRT-PCR and their induction was confirmed (Table 1) .
Functional mycorrhization in wild-type plants is associated with activation of genes directly involved in isoprenoid metabolism.
Transcriptome analysis revealed upregulation of many genes directly involved in isoprenoid metabolism in wild-type tomato AM, suggesting that a functional and well-established colonization is necessary for their expression in mycorrhizal roots. Among the genes involved in isoprenoid metabolism were the 1-deoxy-D-xylulose 5-phosphate synthase 2 (DXS2) (LesAffx.62488.2.S1_at) and the 1-deoxy-D-xylolose 5-phosphate reductoisomerase (DXR) (Les.3487.1_at) genes which codify for the two enzymes that catalyze the firsts steps of the methylerythritol phosphate (MEP) pathway. The MEP pathway is that used by plastidial to produce isopentenyl diphosphate (IPP) and geranylgeranyl diphosphate (GGDP), from which important plant isoprenoids are derived such as carotenoids, apocarotenoids, ABA, strigolactones, and gibberellins.
Four genes involved in carotenoid metabolism, including ABA biosynthesis, were found to be upregulated in wild-type mycorrhizal roots compared with mycorrhizal ABA-deficient mutants and the noninoculated control. All of them are potentially involved in apocarotenoids and ABA synthesis, including a phytoene desaturase (Les.259.2.S1_at), a zeta-carotene desaturase (Les.20.1.S1_at), a carotenoid 9,10-9',10' cleavage dioxygenase (Les.5921.1.S1_at), and a putative aldehyde oxidase and xanthine dehydrogenase (Les.3528.1.S1_at) (Fig. 2) .
Another group of genes from the data set of specifically upregulated genes in wild-type mycorrhizal roots consists of putative genes related to gibberellin metabolism (Fig. 2) . Genes coding for ent-kaurene oxidase (LesAffx.70667.1.S1_at), gibberellin 20-oxidase 1 (Les.64.1S1_at), gibberellin 2-β-dioxygenase (Les.4335.2.S1_at), and gibberellin 3-β-dioxygenase (Les.10.1.S1_at) were clearly induced in a functional and wellestablished mycorrhiza in tomato roots. In addition, a gene that encodes a putative copadyl diphosphate synthase (Les.27.1. S1_at), which catalyses the first step in gibberellin synthesis from the GGDP precursor, was present in the group of common, upregulated overlapping genes. The value of fold change induction for this gene in the ABA-deficient mycorrizal was 2.09, near the limit of selection criteria.
The regulation of two of these genes associated with carotene and gibberellin synthesis was tested and validated by qRT-PCR. Both genes exhibited strong upregulation upon mycorrhization of wild-type plants (Table 1) .
Activation of genes involved in oxylipin metabolism during AM development.
The arrays analysis performed on mycorrhiza tomato wildtype and sitiens mutants revealed that a set of the upregulated, overlapping genes corresponded to genes involved in oxylipin metabolism. These genes were induced in both wild-type and sitiens plants colonized by G. intraradices, suggesting that their induction doesn't require a fully and completely functional AM symbiosis. These included a gene that encodes an omega-6 fatty acid desaturase (Les.5934.1.S1_at), homolog to Arabidopsis FAD2, which catalyzes the introduction of a carbon-carbon double bond at C-12 in oleic acid (Okuley et al. 1994) , forming linoleic acid. Because the dioxygenation of linoleic and α-linolenic acids to hydroperoxides is catalyzed by lipoxygenases (LOX), it was not surprising to find that a LOX gene (Les.3668.1.S1_at) was also upregulated in mycorrhizal tomato roots. During the oxylipin pathway in plants, the conversion of hydroperoxides to epoxy octadecatrienoic acids is carried out by allene oxide synthases (AOS), and our array data revealed that one of the AOS genes of tomato (Les.3986.1.S1-at) was also upregulated in mycorrhizal tomato roots, indistinctly from the plant phenotype.
Analysis of gene expression at different developmental stages of AM formation and in response to phytohormone treatment.
qRT-PCR analysis was used to determine the expression pattern of representative genes from the selected pathways during different developmental stages of AM formation and in response to certain phytohormones which have been reported to be implicated in the AM symbiosis formation (Hause et al. 2007 ).
The expression patterns of selected genes were characterized in roots of wild-type and ABA-deficient sitiens plants at 37 and 56 days, respectively, after inoculation with G. intraradices (Fig. 3) . In these conditions, the mycorrhization levels were 7.5 and 9.8% in sitiens and wild-type plants, respectively, at 37 days after inoculation (dai), and 24% (sitiens) and 48% (wildtype) of root length colonization at 56 days after fungal inoculation. Endoquitinase (Endo-Q), and subtilisin (PI-I9) genes, which represent the group of genes involved in defense that are associated in the array data with mycorrhization in ABA-deficient mutant, showed a similar expression pattern (Fig. 3A) . In inoculated wild-type and sitiens plants, Endo-Q and PI-I9 gene expression was lower than that in noninoculated plants at 37 dai. Gene expression increased only in sitiens-inoculated plant roots from 37 to 56 dai and remained lower in noninoculated and wild-type-inoculated plant roots (Fig. 3A) . The expression of the gibberellin 3-β-dioxygenase (GA3-ox) gene, related to gibberellin metabolism, was induced in wild-type and sitiens plant roots by mycorrhizal fungal infection at 37 and 56 dai, respectively. An increased expression of GA3-ox from 37 to 56 dai was detected only in wild-type mycorrhizal roots (Fig. 3B) , as observed in the array data. Three genes from the oxylipin Fig. 2 . Simplified pathway of gibberellins (GAs), abscisic acid (ABA), and apocarotenoid biosynthesis. Steps catalyzed by enzymes coded by the upregulated genes identified by the microarray analysis only in wild-type mycorrhizal roots are indicated by a gray circle. MEP = methylerythritol phosphate. Enzyme designations: AO, ABA aldehyde oxidase; CCD, carotenoid cleavage dioxygenase; CPS, ent-copalyl diphosphate synthase; DXR, 1-deoxy-D-xylolose 5-phosphate reductoisomerase; DXS2, 1-deoxy-D-xylulose 5-phosphate synthase 2; GA20-ox1, gibberellin 20-oxidase 1; GA2-ox, gibberellin 2-β-dioxygenase; GA3-ox, gibberellin 3-β-dioxygenase; KO, ent-kaurene oxidase; PDS, phytoene desaturase; ZDS, zeta-carotene desaturase.
pathway-omega-6 fatty acid desaturase (6-Des), lipoxygenase A (LOXA), and allene oxide synthase 3 (AOS3)-showed a similar expression pattern during AM development (Fig. 3C) . In wild-type and sitiens plants, the expression of these genes was lower in mycorrhizal than that in nonmycorrhizal plant roots at 37 dai. In mycorrhizal plant roots, the expression of these genes increased from 37 to 56 dai but the expression in wild-type plants always remained lower than in sitiens plants (Fig. 3C) .
The results obtained in mutant mycorrhizal plants on the higher expression of genes from the oxylipin pathway (Fig.  3C ) differs with the results obtained from the array experiments, in which the expression of these genes was similar in wild-type plants and ABA-deficient mutants inoculated with G. intra- Fig. 3 . Expression of representative genes from A, defense; B, gibberellins metabolism; and C, oxylipin pathways during different developmental stages of arbuscular mycorrhiza formation. Quantitative reverse-transcription polymerase chain reaction analysis were performed with cDNA from roots of control noninoculated (NI) and inoculated (I) wild-type (Rhe) and abscisic acid (ABA)-deficient sitiens (Sit) plants at 37 and 56 days after inoculation (dai) with Glomus intraradices. Data represent the M value (log 2 ratio), which is 0 if there is no change and +1 or -1 if there is a twofold induction or reduction, respectively, compared with the expression of each of the genes in noninoculated wild-type plants at 37 dai. Values are the means ± standard error of three replications.
radices. To solve this discrepancy, we quantified the expression of the AOS3 gene in roots of wild-type and sitiens plants from the three independent experiments of mycorrhization used for the microarray experiments. The comparative analysis of the AOS3 gene expression pattern showed that, in all cases, the expression increased in mycorrhizal plants compared with nonmycorrhizal plants; the expression in wild-type plants remained lower than in sitiens plants only in experiment III. These results support the data of the microarray, validated by qRT-PCR, which represents the average of the information of two experiments (I and II). Wild-type plants from experiment III showed a lower percentage of root colonization and of arbuscules formation and a lower LePT4 transcripts accumulation than wild-type plants from experiments I and II.
To determine the capacity of selected genes to respond to the exogenous application of phytohormone whose content changes in roots of sitiens plants in respect to the wild type, such as ethylene and ABA, tomato plantlets of the wild-type Rheinlands Ruhm cultivar were treated with phytohormone solutions and RNA was extracted from roots after 12 and 24 h of treatment. We included a treatment with methyl jasmonate (MeJA) due to the importance of the jasmonate signaling pathway during mycorrhization of various plant species (Hause et al. 2007) . The experiments were designed only to show the capacity of selected genes to respond to the exogenous application of certain phytohormones, not to determine the exact method of regulation, which may be influenced by developmental and physiological aspects at the different stages of mycorrhiza formation.
ABA treatment caused an upregulation of the β-Exp gene of sixfold compared with control levels (Fig. 4A) . In all, four of the 14 tested genes showed an upregulation by ethylene between three-and 17-fold compared with the control (Fig 4B) . From these ethylene-upregulated genes, two of them (AOS3 and α,β hydrolase) were found to be upregulated in both wildtype and sitiens mycorrhizal plants (common Myc upregulated genes), and the other two genes were upregulated specifically in sitiens mycorrhizal roots (Endo-Q and β-Exp). Treatment of plants with MeJA (Fig. 4C ) caused higher expression of two genes involved in oxylipin metabolism (AOS3 and LOXA) that are included in the set of the upregulated overlapping genes, and the subtilisin-PI-I9 gene (Les.513.1.S1._at) that was upregulated specifically in sitiens mycorrhizal roots. MeJA caused moderate and transient expression of the RNAse gene and induced late expression of Endo-Q and β-Exp that are included in the set of genes upregulated in sitiens mycorrhizal roots (Fig. 4C ) and were also ethylene-responsive genes (Fig. 4B) .
DISCUSSION
The microarray analysis of transcript profiling of AM symbiosis development in tomato revealed significant changes in gene expression associated with the different mycorrhization status according to the ABA concentration in the roots. As in other mycorrhizal host plants, we identified, in tomato, a set of genes which has already been described as mycorrhizal coreset Guether et al. 2009 ), including genes from protein catabolism, which were mycorrhiza upregulated similarly in wild-type and sitiens plants. Other conserved mycorrhiza-induced genes were protease inhibitor genes, and glucoxyltransferase, annexin, aquaporin-like, cytochrome P450, gibberellin 20-oxidase, and glutathione S-transferase genes, all of whose expression was enhanced mainly in mycorrhiza wildtype plants. These results validate our array data and reinforce the idea of the evolutionary conservation of genetic processes supporting such symbioses. Nevertheless, a limited overlap with a set of mycorrhiza-responsive genes in tomato roots colonized by G. mosseae (Fiorilli et al. 2009 ) was observed. This could be mainly due to the largely non-overlapping probe sets between the microarray tools used (Affymetrix in the present study and TOM2 in the work of Fiorilli and associates [2009] ), and to the fact that these arrays are only partially representative of the tomato genome. The maximum overlapping (22%) was found with the set of genes that exclusively and differentially upregulated in the wild-type tomato plant. Considering that the overall extent of the overlapping between the two platforms was 47%, we calculate, at least hypothetically, an overlapping of approximately 46.2% between upregulated genes in tomato roots inoculated with G. mosseae or G. intraradices. Furthermore, others factors such as the fungal species, the different developmental stages of the symbiosis analyzed, and differences in the experimental design between both studies surely contribute to the limited overlap that has been shown.
Although the number of differentially regulated genes was not particularly high in our array experiment, which may be due to the limited number of probe sets contained in the array (10,209), clear differences in gene functional categories between mycorrhizal wild-type and ABA-deficient mutants were obtained.
Oxylipin 9-LOX pathway activation in mycorrhizal roots.
Oxidative metabolism of polyunsaturated fatty acids gives rise to a group of biologically active compounds, collectively termed oxylipins, which perform a variety of functions in plants . The structural and functional diversity among oxylipins is governed by the coordinated expression of specific members of the LOX and cytochrome P450 (CYP74) enzyme families. The relative specificity of these enzymes for either 9-or 13-hydroperoxides supports the concept that oxylipin metabolism is organized into discrete 9-LOX and 13-LOX pathways. In plants, the AOS branch of the 13-LOX pathway transforms 13-hydroperoxy linolenic acid (13-HPOT) to the jasmonate family of compounds that includes JA and MeJA and their metabolic precursor, 12-oxophytodienoic acid (12-OPDA).
Some experimental data support that LOXA and AOS3 (upregulated in our arrays results) are mainly specific for the 9-LOX branch of the oxylipin pathway. The recombinant protein of the LOXA gene has been already investigated, and studies of substrate binding and product stereochemistry have shown that this protein is a linoleate 9S-lipoxygenases (9-LOX), similar to the Arabidopsis thaliana LOX1 (Boeglin et al. 2008) . Similarly, studies with the recombinant product of the LeAOS3 showed that this enzyme is an AOS active principally against 9-hydroxyperoxides and is distinct from those involved in JA biosynthesis (Itoh et al. 2002) .
The expression pattern of the genes from the oxylipin pathway analyzed in the present work indicates that the activation of the 9-LOX pathway in mycorrhizal tomato roots seems to be related to later stages of colonization. The biological significance of the activation of the 9-hydroperoxide-derived oxylipin metabolism in mycorrhizal tomato roots remains unknown; however, some possibilities should be considered. It is conceivable that the 9-LOX pathway plays a defensive role, restricting fungal spread in roots as seen in fungal pathogens (Blée 2002; Vellosillo et al. 2007 ). The expression of these genes was always increased in mycorrhizal sitiens plants and their expression in mycorrhizal wild-type roots seems to depend on a certain degree of AM-fungal colonization. These findings suggest that the role of these genes could be related to the control of fungal spread in roots and not to the establishment of the symbiosis. In this case, a certain infection threshold should be necessary in wild-type plants to lead a gene expression response. We observed that LOXA and AOS3 transcript accumulation in roots of tomato seedlings is enhanced by MeJA application, and AOS3 was upregulated by ethylene application. Previous work showed that AOS3 mRNA accumulation is dependent on the JAI1 gene product that is a component of the jasmonate signaling pathway in tomato (Itoh et al. 2002) . In this context, a steady rise of jasmonate was found during mycorrhization of various plant species (Hause et al. 2007 ) that could regulate the expression of these genes in the stages of maintenance and control of the interaction. The fact that the expression of these genes was always increased in mycorrhizal sitiens plants could be related to the finding that ethylene production was enhanced in ABA-deficient tomato mutants. Moreover, four genes listed in the set of common mycorrhiza-upregulated genes and nonselected in our experiments (Les.3397.2.A1_at, Les.3397.1.S1_at, Les.3281.1.S1_at, and Les.4820.1.S1_x_at) have been identified previously as MeJAresponsive genes (Li et al. 2004) .
A second possibility is that the 9-LOX pathway activates the production of oxylipins that play a developmental role during root colonization by the arbuscular mycorrhizal fungi. In this respect, some studies provide evidence that products derived form the 9-LOX pathway function as signal molecules for flower, tuber, and lateral root development (Yokoyama et al. 2000; Kolomiets et al. 2001; Vellosillo et al. 2007 ). However, in a previous work, the increase in JA contrasted with upstream components of the LOX pathway, which were not altered by AM in M. truncatula (Stumpe et al. 2005) . Whether the activation of gene expression from genes related to the 9-LOX oxylipin pathway in mycorrhizal tomato roots is emphasized in solanaceous plants and correlated to the accumulation of 9-LOX components remains to be elucidated.
Functional mycorrhization in wild-type plants is associated with activation of genes related to carotenoid and gibberellin synthesis.
Root colonization by arbuscular mycorrhizal fungi usually leads to the accumulation of apocarotenoid compounds in most host plants (Fester et al. 2002 (Fester et al. , 2005 Strack and Fester 2006) . This accumulation occurs preferentially at late stages of the interaction and is accompanied by the upregulation of DXS2 and DXR genes from the MEP pathway that supply IPP and GGPD precursors from which important plant isoprenoids are derived (Walter et al. 2000; Hans et al. 2004) . DXS2 was upregulated in mycorrhizal roots and genetic approaches have shown local promoter activity of DXS2 in M. truncatula cells hosting fungal arbuscules (Floss et al. 2008a) . Strong suppression of DXS2 and carotenoid cleavage dioxygenase 1 (CCD1) expression in M. truncatula hairy roots leads to reduced levels of apocarotenoids (Floss et al. 2008a,b) accompanied by an increased proportion of degenerating arbuscules in mycorrhizal roots. However, whereas silencing of DXS2 abolished the expression of typical plant marker genes from AM symbiosis (Floss et al. 2008a) , the RNAi-mediated repression of the M. truncatula CCD1 gene did not lead to major changes in molecular markers of the AM (Floss et al. 2008b) . Whether the increased arbuscule degeneration is linked to the lack of either of these mycorrhizal apocarotenoids in the transgenic M. truncatula DXS2 and CCD1 RNAi hairy roots is still unknown.
An important result of our work has been the identification of several genes of the MEP and apocarotenoid pathways in tomato mycorrhizal roots that are homologous to those genes induced in M. truncatula during AM symbiosis. This result confirms the importance of isoprenoid metabolism in mycorrhiza formation. The fact that this group of genes was specifically upregulated in wild-type tomato roots and not in the ABA-deficient mutant suggests that a functional and well-established colonization is necessary for their expression in mycorrhizal roots. Previous work has demonstrated that ABA is essential for mycorrhiza formation and arbuscule development in tomato (Herrera-Medina et al. 2007 ) and the ABA deficiency in the sitiens mutants leads to an impairment in arbuscule formation and functioning. Sitiens plants are specifically affected in the last step of ABA synthesis and not in any other branch of the isoprenoid metabolism, as with the apocarotenoid strigolactones, which play a role in the early steps of mycorrhizal symbiosis (Akiyama et al. 2005) . In fact, sitiens plants are not affected at all in the early signaling steps of mycorrhizal symbiosis (Herrera-Medina et al. 2007 ). The activation of the synthesis of mycorrhizal apocarotenoids could be a consequence of arbuscule formation. The nonactivation of apocarotenoids synthesis in mycorrhizal sitiens roots may be a consequence of the absence of arbuscule formation.
DXS2 acts in early steps of the MEP pathway, supplying IPP and GGPD precursors from which important plant isoprenoids are derived such as carotenoids, apocarotenoids, ABA, strigolactones, and gibberellins, most of them with relevance in mycorrhizal development and functioning, as has been demonstrated for ABA, strigolactones, and apocarotenoids. In fact, the more relevant conclusion from the comparative analysis of the alterations in the transcript profile in tomato roots as a consequence of G. mosseae colonization (Fiorilli et al. 2009 ) and the transcriptomic alterations induced by G. intraradices colonization of wild-type tomato (this work) is that mycorrhization alters the biosynthesis and catabolism of gibberellins and ABA, suggesting that ABA is involved in arbuscule formation and functioning as previously reported (Herrera-Medina et al. 2007) .
Few data exist about the role of gibberellins during AM development, although one study described the negative effect on arbuscule formation of gibberellic acid (GA) application, where a dose-dependent phenomenon of suppression of arbuscule formation was seen in pea plants treated with GA3 (El Ghachtouli et al. 1996) . Our data support a direct role for gibberellins during mycorrhization of tomato because at least four different genes related to the metabolism of gibberellins were upregulated in roots of mycorrhizal wild-type tomato. The array results reveal that this group of genes was also specifically upregulated in wild-type tomato roots and not in the ABA-deficient mutant, suggesting that a functional and wellestablished colonization is necessary for their expression in mycorrhizal roots. The analysis of GA3-ox gene expression at different developmental stages of AM formation confirms this suggestion because the maximal expression of GA3-ox correlated with a well-established and functional mycorrhization in wild-type plants. Considering the current results in combination with previous data, it is tempting to speculate that, at least in tomato, three end products of different branches of isoprenoid metabolism-gibberellins, ABA, and apocarotenoidsare necessary for regulating the formation and turnover of arbuscules in host cells.
Upregulation of genes involved in defense and cell wall modification in ABA-deficient mycorrhizal roots.
It has been proposed that pathogen resistance due to a low ABA content originates from higher, basal defense-related transcript accumulation and subsequent fast, strong defense activation upon pathogen challenge. In fact, the transcript-profiling analysis using TOM1 microarrays revealed that the defense-related transcript accumulation prior to infection of Botrytis cinerea was higher in sitiens than in wild-type plants (Asselbergh et al. 2007) . Similarly, the comparative analysis of transcriptomic data obtained in mycorrhizal wild-type and ABA-deficient mutant plants revealed that the impairment in AM formation in ABA-deficient mutants was associated with upregulation of genes related to defense and cell wall modification. The upregulation of genes involved in plant cell wall synthesis during AM symbiosis is well documented (Balestrini and Bonfante 2005) , and genes for endo-1,4 β-D-glucanases and cellulose synthase accumulated specifically in the arbusculated cells (Liu et al. 2003; Guether et al. 2009 ). The products of these genes in conjunction with other proteins probably play a role in cell wall modification and cell expansion during arbuscule formation (Balestrini and Bonfante 2005) , and the expression of the related genes should be regulated by the arbuscule morphogenesis.
Our work identified others genes apart from endo-1,4 β-Dglucanases that may be involved in cell wall loosening and modification, such as extensins, expansins, and pectin enzymes. Interestingly, in our array, these genes appear upregulated in mycorrhizal ABA-deficient roots, probably due to the incomplete arbuscule development that occurs in these plants as a consequence of ABA synthesis impairment (Herrera-Medina et al. 2007 ). We agree with other authors that cell-wall-modifying genes are upregulated at the beginning of arbuscule formation, leading to the formation of the interface compartment between plant cell and fungal cell plasma membranes. The expression of these genes will probably be downregulated when this interface is formed after arbuscule maturation. In a similar way, during the later stages of mycorrhization, a mechanism of plant defense response activation appears to become stronger, though only in those plant cells which contain fungal arbuscules (García Garrido and Ocampo 2002). The role of defense genes expressed in the cells containing arbuscules could be in the control of hyphal spread and arbuscule formation in the root, and the regulation of the defense gene expression may be regulated by the arbuscule morphogenesis. We hypothesize that the process of arbuscule maturation plays a crucial role in the downregulation of defense and cell-wall-modifying genes. It may be that this downregulation does not take place in sitiens plants due to an incomplete arbuscule development, as reflected by the array data results, and the data of the comparative analysis of Endo-Q and subtilisin (PI-I9) gene expression at different developmental stages of AM formation in wildtype and sitiens plants. The expression of both genes remained lower in mycorrhizal plants than in nonmycorrhizal plants at the early stage of AM establishment whereas, during the stage of development and maintenance of the interaction, the gene expression only increased in inoculated sitiens plants, unable to form fully functional arbuscules. Nevertheless the exact function of such genes (defense and cell wall related) during mycorrhization is unclear and should be clarified in future studies. Interestingly, the analyzed gene for β-expansin (LesAffx.5130. 1.S1_at) showed induced expression in response to ABA, ethylene, and MeJA after 24 h of treatment, and it is tempting to speculate that this result reflects the fine regulation of the extension of the plant cell wall in response to the growing arbuscule in which JA, ABA, and ethylene could be necessary for accommodation of the arbuscule in the cell.
It is well documented that ABA and ethylene mutually antagonize to modulate some plant responses, including disease resistance (Anderson et al. 2004) . Moreover, ethylene production was found to be enhanced in ABA-deficient tomato mutants (Hussain et al. 1999 ) and previous work suggests that ethylene and ABA have antagonistic actions in regulating AM colonization (Herrera-Medina et al. 2007) . Given this ABA/ethylene antagonism, it is logical to speculate that the ethylene pathway could have relevance in regulating the expression of genes for defense and cell wall modification, which appear to be the largest functional categories in mycorrhizal ABA-deficient mutants. The results showing the effect of phytohormone treatment on gene expression support this hypothesis because the two selected genes upregulated in the mycorrhized sitiens plants and related to defense (Endo-Q) and cell wall modification (β-Exp) were ethylene responsive, and both of them also respond to MeJA.
Conclusions.
Our microarray analysis comparing mycorrhizal tomato roots of wild-type and ABA-deficient mutant plants allowed us to select a number of genes related to different mycorrhization states according to the ABA concentration in the root. The impairment of AM formation in ABA-deficient mutants is associated with upregulation of genes related to defense and cell wall modification, whereas functional mycorrhization in wildtype plants is associated with activation of genes related to carotene and gibberellin synthesis. The oxylipin pathway was activated in tomato mycorrhizal roots, preferentially at late stages. The results obtained support earlier findings that ethylene and JA are key regulators of gene expression during AM development. When taken together, the results provide new perspectives for studies attempting to discriminate the role of the selected genes during the AM formation.
MATERIALS AND METHODS
Plant material, growth conditions, and AM inoculation.
Seed of Solanum lycopersicum wild-type cv. Rheinlands Ruhm (accession LA0535) and ABA-deficient mutant sitiens (Taylor et al. 1988 ) (accession LA0575) were obtained from the Tomato Genetics Resource Centre (TGRC) at the University of California. Tomato seed were surface sterilized by soaking in 0.75% sodium hypochlorite for 5 min, after which they were rinsed with tap water and soaked again in 7% H 2 O 2 for 10 min, then rinsed three times with sterile deionized water and germinated on a sterilized moistened filter paper for 3 to 4 days at 25°C. After germination, plants were grown in a steam-sterilized (40 min, 120°C) mixture of silicate sand, peat, soil, and vermiculite (1:1:1:1, vol/vol/vol/vol). The plant growth and the treatments took place in a growth chamber (day and night cycle of 16 h, 25°C and 8 h,19°C, respectively; relative humidity, 50%). Every day, sitiens plants were sprayed with water to prevent plants from wilting.
The inoculation with G. intraradices (DAOM 197198) , reclassified as G. irregulare according to Stockinger and associates (2009) , was carried out in 200-ml pots. Each seedling was grown in a separate pot and was inoculated with a piece of monoxenic culture in Gel-Gro medium containing 50 spores of G. intraradices and infected carrot roots. The monoxenic culture (G. intraradices and carrot roots) was made according to Chabot and associates (1992) . In the noninoculated treatment, the plants were inoculated with a piece of Gel-Gro medium containing only uninfected carrot roots. One week after planting in pots and weekly thereafter, the pots were given 20 ml of a modified Long Ashton nutrient solution containing 25% of the P concentration (Hewitt 1966 ) to prevent mycorrhizal inhibition due to excess of P. Plants were harvested 50 days after inoculation, and the root system was washed and rinsed several times with sterilized distilled water. The root system was weighed and used for the different measurements according to the nature of the experiments. In each experiment, five independent plants were analyzed per treatment. Three different experiments of AM inoculation were performed to obtain material for three biological replicates for each condition.
Some root segments were stained using the nonvital trypan blue histochemical staining procedure according to the method of Phillips and Hayman (1970) . Stained roots were observed with a light microscope and the intensity of root cortex colonization and arbuscular abundance in mycorrhizal roots fragments (percent) was determined as described by Trouvelot and associates (1986) using mycocalc software. In some cases, mycorrhization was evaluated by the grid-line intersect method described by Giovannetti and Mosse (1980) . RNA isolation, synthesis of biotinylated cRNA, and hybridization, washing, and scanning of microarrays.
Plant roots were harvested and immediately frozen in liquid nitrogen in a 2-ml reaction tube. Plant material was ground to a fine powder with a mortar and total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen, Gaithersburg, MD, U.S.A.) following the manufacturer's instructions. Genomic DNA was removed and each RNA preparation was tested for degradation using the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, U.S.A.). cDNA was synthesized from 4 µg of total RNA using one-cycle target labeling and control reagents (Affymetrix, Santa Clara, CA, U.S.A.) to produce biotin-labeled cRNA. The cRNA preparations (15 µg) were fragmented at 94°C for 35 min into 35 to 200 bases in length.
Three biological replicates for each condition were independently hybridized. If the quality control was correct, then 10 µg of fragmented cRNA was hybridized to the GeneChip Tomato Genome Array (Affymetrix), containing over 10,000 S. lycopersicum probe sets to interrogate over 9,200 S. lycopersicum transcripts.
Each sample was added to a hybridization solution containing 100 mM 2-(N-morpholino) ethanesulfonic acid, 1 M Na + , and 20 mM EDTA in the presence of 0.01% Tween-20 to a final cRNA concentration of 0.05 µg/ml. Hybridization was performed for 16 h at 45°C. Each microarray was washed and stained with streptavidin-phycoerythrin in a Fluidics station 450 (Affymetrix) and scanned at 1.56-µm resolution in a GeneChip Scanner 3000 7G System (Affymetrix). Data analyses were performed using GeneChip Operating Software.
Data analysis.
Analysis was performed using the affylmaGUI R package (Wettenhall et al. 2006 ). The robust multi-array analysis algorithm was used for background correction, normalization, and expression levels summarization (Irizarry et al. 2003) . Next, differential expression analysis was performed with the Bayes t statistics from the linear models for Microarray data (limma), included in the affylmGUI package. P values were corrected for multiple testing using the Benjamini-Hochberg method (false discovery rate) (Benjamini and Hochberg 1995; Reiner et al. 2003) . Genes were considered to be differentially expressed if the corrected P values were <0.05. In addition, only genes with a signal log ratio >1 or <-1 were considered for further analysis. Graphical visualization of data was performed with the interactive tool FIESTA.
Microarray data have been deposited in ArrayExpress as accession E-MEXP-2356.
cDNA synthesis and qRT-PCR conditions. cDNAs were obtained from 1 µg of total DNAse-treated RNA in a 20-µl reaction volume using the iScript cDNA synthesis kit, following the protocol of the supplier (Bio-Rad, Hercules, CA, U.S.A.). qRT-PCR was carried out with an iCycler apparatus (Bio-Rad). Each 20-µl PCR reaction contained 1 µl of diluted cDNA (1:10), 10 µl of 2× SYBR Green Supermix (Bio-Rad), and 200 nM each primer using a 96-well plate. The PCR program consisted of a 3-min incubation at 95°C followed by 35 cycles of 30 s at 95°C, 30 s at 58 to 63°C, and 30 s at 72°C. The specificity of the PCR amplification procedure was checked with a melting curve after the final cycle of the PCR (70 steps of 30 s from 60 to 95°C with a heating rate of 0.5°C).
Primers were designed using Primer-BLAST and Primer3 online applications. Oligonucleotides were checked to avoid nonspecific product formation using a free NetPrimer software application. Amplicons were analyzed for potential secondary structures using the Mfold method. All the primers that were used are listed in supporting information (Supplementary Table S3).
Real-time PCR experiments were carried out from two biological replicates and the threshold cycle (C T ) was determined in triplicate. The relative levels of transcription were calculated by using the 2 -ΔΔCT method (Livak and Schmittgen 2001) . C T values of all genes were normalized to the C T value of the LeEF-1 (X14449) housekeeping gene.
Phytohormone treatment.
Tomato plantlets (Rheinlands Ruhm) were treated with 50 µM ABA (Sigma-Aldrich, Steinheim, Germany), 50 µM methyl jasmonate (MeJA) (Sigma-Aldrich), or 70 µM Ethephon (Sigma-Aldrich). After germination, tomato plantlets were grown hydroponically in half-diluted Hewitt solution (Hewitt 1966) for 11 days; then, the plant root systems were washed in water and plants were conditioned during 24 h in 14-cm-diameter plates containing filter paper soaked in distilled water. After this time, filter papers were replaced by others soaked in chemical solutions. Plants were harvested 12 and 24 h later and the root system was washed and immediately frozen in liquid nitrogen.
The aqueous stock solution of MeJA contains 1 mM MeJA and 0.01% Tween 20. Stock solution of ABA contained 1 mM ABA in 1% ethanol solution, and stock solution of ethephon was prepared at 1 mM in water. Control plantlets were treated with 0.1% ethanol solution. The pH of each solution was adjusted to 7 prior to use.
ABA quantification.
For ABA quantification, freeze-dried roots (the equivalent of minimum 100 mg, fresh weight, of root material) was extracted with a mixture of isopropanol and acetic acid (95:5, vol/vol). To each sample, 100 ng of (d 6 )-ABA (Plant Biotechnology Institute, National Research Council of Canada, Saskatoon, Canada) was added. Sample preparation was performed according to Meixner and associates (2005) , and methylation was carried out according to Cohen (1984) with freshly prepared diazomethane. Gas chromatography-mass spectrometry analysis was carried out on a Varian Saturn 2100 ion-trap mass spectrometer using electron impact ionization at 70 eV, connected to a Varian CP-3900 gas chromatograph equipped with a CP-8400 autosampler (Varian, Walnut Creek, CA, U.S.A.). For the analysis, 2 µl of the methylated sample dissolved in 30 µl of ethyl acetate was injected in the splitless mode (splitter opening 1:100 after 1 min) onto a Phenomenex (Aschaffenburg, Germany) ZB-5 column (30 m by 0.25 mm by 0.25 µm) using He carrier gas at 1 ml min -1 . Injector temperature was 250°C and the temperature program was 60°C for 1 min, followed by an increase of 25°C min -1 to 180°C, 5°C min -1 to 250°C, 25°C min -1 to 280°C, then 5 min isothermically at 280°C. The methyl ester of ABA eluted under these conditions at 13.5 min. For higher sensitivity, the µSIS mode (Varian Manual) (Wells and Huston 1995) was used.
The endogenous ABA concentration was calculated by the principles of isotope dilution using the ions of the methylated substance at m/z 190/194 (ions deriving from endogenous and d6-ABA) (Walker-Simmons et al. 2000) . carried out; the tomato genetics resource centre (TGRC) at the University of California for providing sitiens tomato seed; M. I. Tamayo and N. Molinero for help with plant experiments; H. Vierheilig for critical reading of the manuscript; and The Genomics Unit at the CNB (CSIC), where the experiments of GeneChip hybridization were carried out. Financial support for this study was provided by the Ministerio de Ciencia e Innovación (MICINN), Spain (AGL2005-0639; AGL2008-00742/AGR). R. J. León and J. A. Martín are supported by grants from the CSIC and the MICINN, respectively.
